[1] We present measurements of the phase function and degree of linear polarization for unpolarized incident light as a function of the scattering angle for El Chichón and Pinatubo volcanic ashes at 633 nm. The results are combined and compared with those for Pinatubo at 442 nm and Lokon volcanic ash at 442 and 633 nm . The three samples of volcanic ashes consist of micron sized, irregularly shaped particles in random orientation. The results are presented in the form of figures and tables for all three samples. Similarities and differences between the results for the three samples are discussed. The measured phase functions and angular distributions of the polarization can be used to evaluate models used to calculate scattering properties of volcanic ash particles, to constrain scattering properties of volcanic ashes used in radiative transfer calculations, and to retrieve characteristics of (clouds of) volcanic ash particles in the atmosphere from remote sensing data.
Introduction
[2] Volcanic eruptions inject into the atmosphere active gases and solid aerosol particles. If a volcanic eruption is strong enough, it will eject ash and debris into the stratosphere, which remain there for months to several years. This will change the composition of the stratosphere, which will affect the Earth's radiation budget [Oberbeck et al., 1983; Snetsinger et al., 1987; Lambert et al., 1993; Pueschel et al., 1994; Tsitas and Yung, 1996] . Stratospheric volcanic aerosols are of two general types: silicate ash produced directly at the time of the explosion and sulfate aerosols. After a volcanic eruption, the SO 2 injected into the atmosphere is transformed into H 2 SO 4 , and subsequently, the acid vapor condenses on existing particles or forms new particles. The silicate aerosol has its greatest relative importance in the months immediately after an eruption, while in later months the sulfate aerosol is of relatively greater importance. In this work we will focus on the silicate ash particles.
[3] Climate impacts of volcanic aerosols are well established [see, e.g., Pollack et al., 1976; Hansen et al., 1978; Pollack and Ackerman, 1983; Kondratyev, 1988; Stenchikov et al., 1998 ], and some analyses indicate that the composition and size distribution of the aerosols can significantly affect the climate changes [see, e.g., Hansen et al., 1992] . In order to study the global distribution of atmospheric ash particles and their radiative impact, the retrieval of the optical thickness of the volcanic aerosols plays a key role. For that purpose, certain properties of the aerosols need to be known or estimated, like their phase (scattering) function. This holds, for instance, when satellite radiometers are used which measure the intensity (radiance) of the reflected light in one or more directions and wavelength bands [see, e.g., Rao et al., 1988; Lambert et al., 1993; Wang and Gordon, 1994; Wen and Rose, 1994; Krotkov et al., 1997; Mishchenko et al., 1999] . When not only the intensity but also the polarization of the reflected light is measured simultaneously, retrievals of aerosol characteristics can be significantly improved [see, e.g., Herman et al., 1997; Mishchenko and Travis, 1997a; Mishchenko and Travis, 1997b; Bréon et al., 1997; Goloub et al., 1999; Chowdhary et al., 2001] . For both types of measurement, however, accurate retrieval of aerosol characteristics is usually hampered by lack of information on the scattering properties of realistically shaped aerosols. This holds in particular for their phase function and angular distribution of the polarization of singly scattered light for incident unpolarized light.
[4] Volcanic ash clouds formed right after the eruption are especially dangerous to modern aircraft. Jet engines are affected by volcanic ash particles, and these can also produce acid abrasion of windshields and other surfaces [Rose, 1986; Bernard and Rose, 1990] . On-board radar systems cannot detect volcanic clouds because of the small size of volcanic ash particles, and visual detection of these clouds is very difficult. Therefore remotely sensed measurements made by orbiting satellites are highly useful for directly mapping the positions of volcanic ash clouds. Remote sensing can also be used to improve cloud trajectory models by providing frequently updated information on the mass estimates and the position of the clouds of volcanic ashes [Krueger et al., 1995; Rose and Schneider, 1996; Schneider et al., 1999; Krotkov et al., 1999a] . For that purpose, the phase function and single-scattering albedo are needed.
[5] For homogeneous spherical particles, one can use Lorenz-Mie theory [Mie, 1908] to accurately compute their single-scattering and absorption properties. However, when this theory is used for irregular mineral particles, it may lead to large errors for aerosol remote sensing and climate modeling [see, e.g., Lacis and Mishchenko, 1995; Mishchenko et al., 1995; Krotkov et al., 1999b] . Other theoretical approaches are at present available for computing the single-scattering and absorption behavior of nonspherical particles [see, e.g., Mishchenko et al., 2000a] , but it has not been demonstrated that any of these can adequately represent the characteristics of volcanic ash particles [see, e.g., Oberbeck et al., 1983; Sheridan et al., 1992; Krotkov et al., 1999b; Volten et al., 2001] . Consequently, experimental studies of the scattering behavior of different volcanic ashes are very important for satellite retrievals of aerosol characteristics, climate modeling, and detecting and tracking of volcanic ash clouds. However, only a very small number of laboratory measurements of the scattering behavior of volcanic ashes have been reported in the literature [Winchester et al., 1981; Volten et al., 2001] .
[6] Volten et al.
[2001] present laboratory measurements of complete scattering matrices as functions of the scattering angle in the range from 5°to 173°, of seven different samples of randomly oriented mineral particles (including Pinatubo and Lokon volcanic ashes) at two different wavelengths, 442 and 633 nm. In this work we present unique measured results of the phase function and degree of linear polarization for unpolarized incident light as functions of the scattering angle in the range 5°-173°for El Chichón volcanic ash at 633 nm. The measurements could not be repeated at 442 nm due to the limited amount of sample. We also present new results of measurements for Pinatubo volcanic ash at 633 nm. The results are combined and compared to those obtained by Volten et al. [2001] for Pinatubo ash at 442 nm and for Lokon volcanic ash at both wavelengths.
[7] In section 2, we present a brief review of the basic scattering definitions and a description of the measurements approach, while section 3 summarizes the physical characteristics of our volcanic ash samples. Results and a discussion of our experiments are given in section 4.
Some Concepts of Light Scattering and the Experimental Setup
[8] The flux and polarization of a quasi-monochromatic beam of light can be represented by a column vector I = {I, Q, U, V}, also called Stokes vector [Van de Hulst, 1957; Hovenier and van der Mee, 1983] . Here, I is proportional to the total flux of the beam. The Stokes parameters Q and U represent differences between two components of the flux for which the electric field vectors oscillate in mutual orthogonal directions. The Stokes parameter V is the difference between two oppositely circularly polarized components of the flux. A plane through the direction of propagation of the beam is chosen as a plane of reference for the Stokes parameters.
[9] If light is scattered by an ensemble of randomly oriented particles and time reciprocity applies, as is the case in our experiment, the Stokes vectors of the incident beam and the scattered beam are related by a 4 Â 4 scattering matrix, for each scattering angle q, as follows [Van de Hulst, 1957, section 5.22] ,
where the subscripts in and sc refer to the incident and scattered beam, respectively, l is the wavelength of the incident and scattered beam, and D is the distance from the ensemble to the detector. The matrix with elements F ij is called the scattering matrix. Its elements depend on l and the scattering angle q but not on the azimuthal angle. Here the plane of reference is the scattering plane, that is, the plane containing the beams of incident and scattered light. The elements F ij (q) contain information about the size distribution, shape, and refractive index of the scatterers. In this paper, measurements of two matrix elements are presented, F 11 (q) and F 12 (q). For unpolarized incident light, F 11 (q) is proportional to the flux of the scattered light and is also called scattering function or phase function. For reasons of convenience and tradition, we relate F 12 (q) to the flux of the scattered light and use a minus sign. Thus we use
where, for unpolarized incident light, I ? and I k represent the flux of the scattered light polarized perpendicularly and parallel to the plane of reference, respectively. The ratio ÀF 12 (q)/F 11 (q) equals the degree of linear polarization of the scattered light if the incident light is unpolarized and if F 13 (q) = F 14 (q) = 0. Since for all mineral aerosol samples measured by Volten et al. [2001] , F 13 (q) = F 14 (q) = 0 within the experimental error, we assume here that for all scattering angles F 13 (q) = F 14 (q) = 0 holds for all our samples.
[10] A detailed description of the experimental setup that we used to measure the scattering matrix is given by Hovenier [2000] . Briefly, we use either a HeNe laser (633 nm, 5 mW) or a HeCd laser (442 nm, 40 mW) as a light source. The laser light passes through a polarizer oriented at angle of 0°between the scattering plane (horizontal plane) and its optical axis. The linearly polarized light propagates through an electro-optic modulator oriented at À45°between its optical axis and the scattering plane and measured counterclockwise when looking in the direction of propagation of the light. The modulated light is subsequently scattered by the ensemble of randomly oriented particles located in a jet stream produced by an aerosol generator. This particular configuration of the optical components allows us to measure simultaneously the scattering function F 11 (q) and the ratios F 12 (q)/F 11 (q) and F 14 (q)/ F 11 (q). All of the current measurements of F 14 confirm our assumption stated above that F 14 is zero within the experimental error. Other matrix elements can, in principle, be obtained with different configurations of the optical components [Hovenier, 2000] . The scattered light is detected by a photomultiplier tube which moves along a ring. A range in scattering angles is covered from $5°( nearly forward scattering) to $173°(nearly backward scattering). A monitor, that is, a photomultiplier placed at a fixed position, is used for normalization purposes. The Figure 2 for El Chichón, Pinatubo, and Lokon volcanic ashes. Read 1.13E-01 as 1.13 Â 10 1 .
procedure during the measurements is as follows: the aerosol jet in the scattering center is produced by an aerosol generator, which consists of a reservoir, a brush, and an airflow control. The reservoir is filled with the aerosol sample, which is pushed upward against a rotating brush. An airflow blows the particles from the brush through a tube in the scattering zone, where the light from the laser beam is scattered by the aerosols. In order to investigate whether the shape of the particles had changed after passing the aerosol generator, we put a glass plate under the aerosol jet to recover the sample as it was measured during the experiment. We look at it through a microscope and compare the particles with particles of the same sample that are not used for the experiment. In all cases the particles before and after the experiment did not look different.
[11] Errors in the measured matrix elements originate mainly from fluctuations in the measured signal or signals. For each data point at a given scattering angle, 720 measurements are conducted in $2 s. The values obtained for the measured matrix elements or combinations of matrix elements are the average of several data points (about five or more), and the corresponding experimental error is the standard deviation of the mean value [see, also, Volten et al., 2001] .
[12] Measurements with water droplets were done in order to test the setup. Since the water droplets had spherical shapes, we could compare the experimental results with those obtained from Mie calculations. We found excellent agreement over the entire angle range measured for all scattering matrix elements. The results of the experiments and calculations for water droplets have been published by Volten et al. [2001] .
Characterization of the Samples

Origin and Shapes
[13] Volcanic ashes show a wide variety of irregular shapes. As an example, we present in Figure 1 , a Scanning Electronic Microscope (SEM) picture of Pinatubo volcanic ash. It should be noted that the SEM picture is not necessarily representative for the size distribution; for that purpose, we refer to Figure 2 . We refer to Gooding and Clanton [1983] and Volten et al. [2001] for SEM photographs of El Chichón and Lokon volcanic ashes, respectively. The SEM photographs of Pinatubo and Lokon samples pertain to the same sample as used for our measurements.
El Chichón
[14] El Chichón is located in an isolated part of the Chiapas region in Mexico (33°N, 93.2°W). During late March and early April 1982, El Chichón underwent a series of violent explosions, which injected a massive amount of gas and particles into the stratosphere. The resulting change in the visible optical thickness of the atmosphere, which was almost entirely due to the aerosol component, was comparable to the changes caused by the largest volcanic clouds of the last century [DeLuisi et al., 1983] . Our sample of El Chichón ash was carefully collected within 24 hours of the eruption within a few kilometers of the vent [Clarke et al., 1983] .
Pinatubo
[15] The Mt. Pinatubo volcano is located at 15.13°N, 120.35°E, in Luzon, Philippines. The eruption of this Figure 2 for El Chichón, Pinatubo, and Lokon volcanic ashes. volcano on 15 June 1991 produced the largest volcanic aerosol haze in the twentieth century. Pinatubo sent massive amounts of gas and dust to heights of more than 25 km. Our sample of Pinatubo particles was collected after the 1991 eruption from the ground at a distance of several kilometers from the volcano.
Lokon
[16] The Lokon volcano is located at 1.36°N, 124.79°E, in northern Sulawesi, Indonesia. It is one the most active volcanos of Sulawesi. More than a dozen moderate eruptions have been documented since the early 19th century. Intermittent gas and ash eruptions have been reported as from 1969 [Volcanological Survey of Indonesia, 1986]. Our Lokon ash sample was collected from the ground at a distance of a few kilometers from the volcano within a day after a minor eruption in 1996.
Particle Sizes
[17] The projected surface area distributions of our ash samples have been measured by using a Fritsch laser particle sizer [Konert and Vandenberghe, 1997] . Figure  2 (top) shows normalized projected-surface-area distributions, S(logr), as functions of r in micrometers on a logarithmic scale for the El Chichón, Pinatubo, and Lokon volcanic ashes. Here r is the radius of a projected surface equivalent sphere and S(logr)dlogr gives the relative contribution by equivalent spheres in the interval dlogr to the total projected surface area per unit volume. In Figure 2 (bottom) the corresponding normalized number distributions, N(logr) are presented, since these are often used in calculations and reported in the literature. In Tables 1 and 2 we present the normalized projected-surface-area and normalized number distributions, respectively, as functions of logr corresponding to the curves presented in Figure 2 .
[18] Values of the effective radius, r eff , and effective variance, v eff , of each sample are given in Table 3 . These two parameters are defined as follows:
where n(r)dr is the fraction of the total number of projected surface equivalent spheres with radii in the size range [r, r + dr] per unit volume of space [Hansen and Travis, 1974] . Here, n(r) is computed from N(logr). For further information on the size distributions [see, e.g., Volten et al., 2001] . [19] In this section we present approximated values of the complex refractive indices (m = n À ik) of our volcanic ashes samples.
Refractive Indices and Composition
[20] The real parts of the refractive index, n, of silicate glasses with compositions similar to volcanic ashes, vary between 1.5 and 1.6 for visible and near ultraviolet wavelengths [Patterson, 1981] .
[21] Volcanic silicate ashes show a range of color from nearly white to dark grey, with corresponding differences in the imaginary part of the refractive index at visible wavelengths. Patterson et al. [1983] measured the complex refractive index of several samples of El Chichón ash. They found values of the imaginary part of the refractive index, k, around $1.0 Â 10 À3 for their samples and very little wavelength dependence between 450 and 650 nm. Clarke et al. [1983] obtained a value of the imaginary part of the refractive index of our sample of El Chichón ash of 0.0034 at 550 nm. Since there is little difference between the colors of the Pinatubo and El Chichón samples (both are light grey), we assume that the imaginary parts of the refractive indices of these samples have nearly the same value, with a similar wavelength dependence. In contrast, Lokon ash shows a dark grey color. Patterson [1981] reports measurements of the imaginary part of the refractive index for Fuego ash which also exhibits a dark grey color. According to this author, Fuego ash presents a stronger wavelength dependence than our El Chichón sample, with values of k ranging from $0.035 at 450 nm to $0.02 at 650 nm. On the basis of the similarity in color of Lokon and Fuego ash, we assume the imaginary parts of their refractive indices to be also very similar.
Experimental Results and Discussion
[22] In Figures 3 and 4 we present the phase functions and degrees of linear polarization for unpolarized incident light of the samples discussed in section 3, as functions of the scattering angle at 442 and 633 nm, respectively. All scattering functions or phase functions, F 11 (q), considered in this paper, are shown on a logarithmic scale. Owing to the lack of measurements for scattering angles in the ranges 0°-5°and 173°-180°, we cannot use the standard normalization, which requires the average of the phase function over all directions to be unity. Instead we normalize F 11 (q) to 1 at 30°. The experimental errors are indicated by error bars. When no error bar is shown, the value for the standard deviation of the mean value is smaller than the symbol plotted.
[23] As shown in Figures 3 and 4 , the phase functions, F 11 (q), follow the general trends presented by irregularly shaped mineral particles, i.e., a strong forward peak and a flat shape for side and backscattering [Mishchenko et al., 2000b; Muñoz et al., 2000; Volten et al., 2001] . Looking in more detail, we see some differences between the scattering functions of the three volcanic ashes. Although the shapes of these functions are very similar, the steepness of the F 11 (q) curves, defined as the measured maximum value of F 11 (q) divided by the measured minimum value over the scattering angle range 5°-173°, varies from 116 to 234 (see Table 3 ).
[24] As mentioned before, polarization data are important for reliable retrievals of aerosol characteristics. In Figures 3 and 4 , we present measured values of ÀF 12 (q)/ F 11 (q), which in our case equals the degree of linear polarization of the scattered light for unpolarized incident light, at 442 and 633 nm, respectively. The measured results for the three volcanic ashes in Figures 3 and 4 , resemble the typical shape of irregular mineral particles, namely, a maximum at side scattering angles and a negative branch for directions close to the backward direction. However, there are differences in the heights of the maxima, ranging at 442 nm from 0.123 ± 0.006 for Pinatubo to 0.149 ± 0.004 for Lokon and at 633 nm from 0.099 ± 0.021 for Lokon via 0.106 ± 0.004 for El Chichón, to 0.128 ± 0.009 for Pinatubo. In addition, the shape of the polarization curve for Lokon ash at 442 nm (see Figure 3 ) differs from the shape of all other polarization curves by showing a higher degree of linear polarization for scattering angles up to $100°.
[25] In Tables 4 and 5 the measured values of F 11 (q) and ÀF 12 (q)/F 11 (q) at 442 and 633 nm are given that correspond to the data presented in Figures 3 and 4 , respectively. As mentioned before, we performed new measurements for Pinatubo volcanic ash at 633 nm, mainly because the scatter in the measured values of ÀF 12 (q)/F 11 (q) was fairly large in the measurements reported in Volten et al. [2001] . If we compare the tabulated values reported by Volten [2001] for F 11 (q) and ÀF 12 (q)/F 11 (q) for Pinatubo ash at 633 nm with those listed here it is evident that our error bars are generally larger. For F 11 (q) our table is based on 5 data points instead of 2, and for ÀF 12 (q)/F 11 (q), our table is based on 3 data points, instead of 1, which results in larger but more reliable errors. See Volten et al. [2001, section 4.2] , for details on the accuracy of the measurements. Tables 4 and  5 are included to facilitate the use of these results, for example, to evaluate calculated light scattering properties of volcanic ash particles, to constrain scattering properties of volcanic ashes that are used in radiative transfer calculations, and to retrieve characteristics of (clouds of) volcanic ash particles in the atmosphere from remote sensing data. 
